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Abstract 
During machining of shafts with multiple shoulders on CNC lathes it is necessary to obtain the accuracy of all dimensions automatically since 
re-setup of the machine tool for each individual part would be time consuming. In cases when the process datum is different from the design 
datum, datum errors may occur. This error may require the reduction of the process tolerance, which may lead to increased manufacturing 
costs. The resulting datum error depends on the method of holding the workpiece and the way the cutting tool is set up. This paper analyses the 
most widely used fixturing and setup methods and estimates the datum errors they may cause. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction and Problem Formulation 
During machining of parts in serial production the majority 
of machine tools involved in the production are pre-set to a 
certain machining dimension and the machined dimension is 
obtained automatically. 
From datum theory it is well known that from a 
manufacturing point of view the best solution is when the 
design datum can also be selected as the process datum [1]. 
This is called the unity of process and design data. In this 
case, the process dimension is obtained directly from the 
design datum and thus the maximum process tolerance can be 
guaranteed. In the case of the last (finishing) operation, the 
full design tolerance may be given to the process tolerance.  
In many cases, however, the part dimensioning is not done 
according to the above principle and as a result it is not 
possible to use the design datum as process datum [2, 3]. A 
typical example is shown in Fig. 1 where dimension A of the 
shoulder is given from the right hand side of the shaft. If the 
rightmost face of the shaft is not machined at the same 
operation as the face of the shoulder (dimension L is obtained 
at a previous operation), then the natural clamping and 
machining method of the shoulder lead to the design datum 
not being used as process datum. 
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Fig. 1. Typical shaft shoulder dimensioning. 
There is a need to analyse the range of possible solutions 
for setting up the technological system (TS) that are available 
for the process engineer and machine tool operator. These 
solutions should be compared in terms of costs. The main 
characteristics upon which the comparisons could be based are 
machining accuracy, productivity, and unit cost, and also 
some secondary characteristics like reliability, possibility for 
automation, and others. Depending on the priorities, 
comparisons can be performed either by an individual 
characteristic or by a group of them if multi-objective 
optimisation is the aim. 
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2. Machining variants 
If the main task of the analysis is to ensure machining 
accuracy depending on the method of setting up the TS, it is 
necessary to analyse the effect of all factors that contribute to 
the machining accuracy of dimension A. It is assumed that it is 
possible to estimate and compensate for the effects caused by 
the systematic factors. Therefore, they should be excluded 
from the analysis. Then, in the general case, it can be assumed 
that the scatter of accuracy ωА of dimension A is formed as the 
effect of n non-systematic factors and the inaccuracies caused 
by them, expressed through their probability distribution fields 
ωi: 
 nA f ZZZZ ,....,, 21   (1) 
In order to simplify the analysis of the different options, it 
is assumed that machining is performed with a single cutting 
tool without rotating the turret of the lathe. 
2.1. Holding the workpiece between two centres 
This scheme is convenient for machining long shafts with 
specified requirements of the position of the shoulders when it 
is allowed or recommended to drill central holes into the end 
faces of the shaft (Fig. 2). 
Due to the lack of unity of the process and design data, the 
scatter of dimension A (ωА) is defined as the scatter of the 
closing element in a dimension chain and it depends on the 
scatter of the already machined dimensions L and S (ωL and 
ωS, respectively). In this case it can be assumed that ωL and 
ωS are equal to the design tolerances of dimensions L and S 
(ωL = TL и ωS = TS), and they are specified according to the 
ISO T12÷14 grade, that is these are liberal tolerances. The 
positional inaccuracy of the fixed (left-hand side) centre 
permitted during its setup is ωM. However, this inaccuracy 
will also result in a systematic, constant inaccuracy when 
machining the batch of parts, which means that it does not 
affect the machining accuracy, so it can be accepted that in 
the dimension chain the tolerance of dimension M is zero (TM 
= 0).  
On top of the scatters of dimension L and S (ωL and ωS), 
the machining accuracy of dimension A also depends on the 
positional accuracy of the longitudinal slide in the facing 
position; it is a non-systematic error and its scatter is ωPos.Z: 
),,( . SLZPosA f ZZZZ   (2) 
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Fig. 2. Holding the workpiece between two centres. 
 
2.2. Holding the workpiece in a three-jaw chuck 
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Fig. 3. Holding the workpiece in a three-jaw chuck. 
With this scheme, the leftmost face of the workpiece is 
used for process (machining) datum (Fig. 3). Similarly to the 
previous scheme, the scatter of dimension A (ωА) is defined 
by the scatter of the overall dimension L (ωL = TL) and the 
non-systematical positional error of the longitudinal slide 
ωPos.Z. Besides these, accuracy is also affected by the non-
systematical error caused by clamping the workpiece in the 
three-jaw chuck ωChuck, which may vary in a large range 
depending on the mechanism, accuracy and condition of the 
chuck. The scatter of dimension A (ωА) is defined as: 
),,( . ChuckLZPosA f ZZZZ    (3) 
2.3. Introducing a check datum at the rightmost face using a 
feeler gauge 
This method can be used when holding the workpiece 
either in a chuck or between centres. In both cases, the contact 
datum at the leftmost face is not used for achieving dimension 
A.  Introducing a check datum at the rightmost face of the 
shaft is performed using a feeler gauge of pre-defined 
dimension (dimension F in Fig. 4). Cutting tool setup is 
performed for each workpiece individually in manual mode of 
the CNC control of the lathe using a pulse generator along the 
longitudinal axis Z. 
In manual mode, the cutting tool is moved slowly towards 
the rightmost face of the shaft. At the same time, the machine 
tool operator performs reciprocating motions with the feeler 
gauge. 
 
Feeler gauge 
F A 
 
Fig. 4. Setup using a feeler gauge. 
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When the gaps between the workpiece, feeler gauge and 
cutting tool become zero, which can be felt by the resistance 
of moving feeler gauge, the longitudinal motion of the tool is 
stopped. In order to reduce the setup time cause by the slow 
longitudinal motion of the cutting tool, it is usually positioned 
with rapid traverse to a position close to the rightmost face of 
the shaft. When a ‘zero’ gap is achieved, the execution of the 
CNC programme continues while the position of the 
rightmost face of the shaft is compensated. 
With this setup method, the machining accuracy of 
dimension A depends on the positional accuracy of the 
longitudinal slide in the facing position ωPos Z and the non-
systematic error with scatter ωF of setting the ‘zero’ gaps 
between the feeler gauge, workpiece and cutting tool. The 
latter is cause by the subjective feeling of the operator and the 
minimum programmable increment of the pulse generator: 
),( .. FZPosA f ZZZ    (4) 
2.4. Introducing a check datum at the rightmost face using a 
touch probe 
With this method, before machining each workpiece the 
position of its rightmost face is measured using a touch probe 
installed in one of the pockets of the turret (Fig. 5). The touch 
probe can also be used the workpiece is supported by a 
tailstock centre. 
 
 
A 
 
Fig. 5. Setup using a touch probe. 
In this case, the scatter of dimension A (ωА) is defined by 
the non-systematical positional error of the longitudinal slide 
ωPos.Z, the total non-systematical measurement error of the 
touch probe ωT.P., and the sum of the positional errors of the 
turret ωTur if the cutting tool and the touch probe are placed in 
different pockets: 
)2,,( .. TurPTZPosA f ZZZZ    (5) 
2.5. Introducing a check datum at the rightmost face using a 
system for registering the contact between the cutting tool and 
workpiece 
If the CNC lathe is equipped with a system for registering 
the contact between the cutting tool and workpiece (SRC) 
similar to the one described in [4], it is possible to measure 
the position of the rightmost face of the shaft automatically.  
During setup it is necessary to rotate the workpiece, and in 
the radial direction the cutting tool is positioned at a depth of 
cut larger than the tool nose radius (Fig. 6).  
 
 
A 
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Fig. 6. Setup using SRC. 
During its longitudinal approach when the cutting tool gets 
in contact with the workpiece the contact position is registered 
by the SRC and the machined length of A is measured relative 
to the rightmost face of the shaft. With this method, ωА is 
defined by the non-systematical positional error of the 
longitudinal slide ωPos.Z, and the total non-systematic 
measurement error of the SRC, ωSRC. The latter depends on 
the speed of the longitudinal feed motion and the delay 
between the moment the cutting tool makes contact with the 
workpiece and the moment the SRC registers the contact:  
),( . SRCZPosA f ZZZ    (6) 
2.6. Introducing a conditional contact datum at the rightmost 
face using a mobile stop 
This method is similar to the one used in automatic bar 
feeders; however, the mobile stop is installed in the turret. 
The workpiece is advanced longitudinally until its rightmost 
face gets in contact with the stop (Fig. 7). Since the position 
of the stop is pre-defined, the rightmost face of the workpiece 
becomes the contact datum. In order to avoid the positional 
errors cause by rotating the turret, it is recommended that 
instead of a special stop, installed in a stand-alone pocket of 
the turret, some of the surfaces of the turret, or even the 
cutting tool, could be used for stopping the workpiece. 
With this method, ωА depends on the non-systematical 
positional error of the longitudinal slide ωPos.Z during the 
actual facing operation, and on a similar error when 
positioning the mobile stop. 
For most cases it can be assumed that these two errors are 
equal. Besides these, accuracy is also affected by the non-
systematical error caused by clamping the workpiece. It 
appears after the stop had been removed and is the result of 
releasing the accumulated energy caused by elastic 
deformations in the technological system during the clamping 
process. 
It can be assumed that the value of this error is similar to 
the clamping error in case 2, ωChuck. 
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Fig. 7. Conditional contact datum using a mobile stop. 
If the stop is installed in a pocket different from that of the 
cutting tool it is necessary to add ωTur for each rotation of the 
turret (usually two): 
)2,2( ,. TurChuckZPosA f ZZZZ    (7) 
2.7. Introducing a contact datum in the rightmost centre hole 
using the tailstock centre 
When the position of the tailstock centre is fixed, the 
rightmost centre hole can be used as contact datum. This 
requires that before clamping the workpiece is first installed 
on the tailstock centre (Fig. 8). Clamping in the three-jaw 
chuck is done by constantly maintaining the contact between 
the rightmost centre hole and the tailstock centre. 
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Fig. 8. Contact datum in the rightmost centre hole. 
In this case, ωА depends on ωPos.Z and similarly to case 1, 
from the scatter of the depth of the centre hole ωS: 
),( . SZPosA f ZZZ   (8) 
2.8. Using the rightmost face as setup datum 
This method is applicable in cases when it is possible to 
machine the rightmost face at the same operation where 
dimension A is obtained (Fig. 9). Since facing the rightmost 
face (Face 1) means that dimension L is obtained during this 
operation, the two faces contributing to A (Face 1 and Face 2) 
are machined and the same operation, hence the rightmost 
face can be used as setup datum. 
In this case, ωА depends on the positional errors of the 
longitudinal slide when machining both faces. For most cases 
it can be assumed that the two errors are equal: 
 
)2( .ZPosA f ZZ    (9) 
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Fig. 9. Setup datum. 
3. Generalisation, Conclusions 
Table 1 contains statistical data of error values for 
technological equipment commonly used in turning 
operations. 
Table 1. Error data for technological equipment. 
Error source Error range [µm] Remark 
ωPos.Z 2 ÷ 4  
ωL 460 IT12 
ωS 110 A2.5 
ωChuck 3 ÷ 40  
ωF 5 ÷ 20  
ωT.P 3 ÷ 6  
ωTur 5 ÷ 30  
ωSRC 4 ÷ 6  
 
Table 2 shows the error range for the eight cases of 
machining described above. 
Table 2. Error comparison. 
 
 
Scheme ω
Po
s.
Z 
ω
L 
 
ω
S 
 
ω
Ch
uc
k 
ω
F 
ω
T.
P 
ω
Tu
r 
ω
SR
C 
ωА min ÷ ωА max 
[µm] 
Two centres X X X      473 , 473 
3-jaw chuck X X  X     460 ÷ 462 
Feeler gauge X    X    5 ÷ 20 
Touch probe X     X 2X  12 ÷ 60 
Check datum X       X 6 ÷ 7 
Mobile stop 2X   X     10 ÷ 40 
Tailstock centre X  X      110 , 110 
Setup datum 2X        3 ÷ 6 
 
In Table 2, for ωL and ωS values are shown for a shaft of 
length L=250 mm machined with tolerance IT12 and with a 
centre hole of type А2,5. The existence of the corresponding 
error is marked by ‘X’. 
It is known that all factors described above which 
contribute to machining errors of dimension A are 
independent non-systematic errors with normal distribution. 
In this case, their sum should be calculated by taking into 
account their probability: 
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Their confidence probability Р = 0,9973. 
For these conditions, coefficients 1/KΣ and ki are equal to 
one, and equation (9) becomes: 
22
1 ... nA ZZZ   (11) 
The results from the analysis of the above described cases 
are given in Table 1. The values in the table are obtained  by 
statistical data using the available machine tools (lathes 
СЕ063, СТ161, СТ201) and other equipment (three-jaw 
chucks, centres, touch probes, SRC, etc.) in the Laboratory of 
CNC Machining at the Department of Manufacturing 
Engineering at the University of Rousse. 
Applying analysis with multiple variants is a pre-requisite 
for selecting the most-appropriate solution for a given 
manufacturing situation. Presenting all data in a single table 
allows for easy comparison of the variants. 
As can be seen from Table 2, variants 3, 5, 7 and 8 have 
the least number of contributing errors (two errors each).  
Quantitative comparison of the variants according to 
equation (11) is decisive and is only possible when the actual 
values of the errors of the components are known; it has to be 
taken into account that these values may vary in large 
intervals. 
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